Abstract
Introduction
What evolutionary forces drive speciation? A significant step towards answering this question has been the identification of hybrid incompatibility (HI) genes, that is, genes with "incompatible substitutions" that cause breakdown in interspecific hybrids.
The next challenge is describing the evolutionary basis for the origin of such "incompatible substitutions". The classic Dobzhansky-Muller (D-M) model elegantly explains how substitutions incompatible only in an interspecific context can evolve, however it is agnostic on the nature of the intraspecific evolutionary forces that cause them (Maheshwari and Barbash, 2011; Presgraves, 2010) . The model is equally consistent with incompatible substitutions evolving as functionally neutral mutations drifting to fixation or as functionally advantageous mutations being driven to fixation by natural selection.
It is therefore particularly intriguing that so many HI genes show high rates of sequence divergence driven by positive selection. If this divergence corresponds to the "incompatible substitutions" then there is a direct link between the phenotype under selection and HI. This is very likely for the hybrid sterility gene OdsH, where the signature of selection is concentrated within the DNA binding homeodomain, because functional analysis of OdsH orthologs has implicated divergent DNA-binding activity in hybrid incompatibility (Bayes and Malik, 2009; Ting et al., 1998) . However, such a direct link between sequence divergence and function remains to be established for other rapidly evolving HI genes.
The HI gene Lhr poses an interesting paradox. Lhr causes F1 hybrid male lethality in crosses between Drosophila melanogaster and D. simulans (Brideau et al., 2006; Watanabe, 1979) . The classic D-M model describes HI as the negative ectopic interaction between two derived loci, thus setting up the expectation that selectiondriven divergence of Lhr led to "incompatible substitutions" in one of the hybridizing lineages. Surprisingly, however in transgenic assays Lhr orthologs from both hybridizing species cause hybrid dysfunction (Brideau and Barbash, 2011; Maheshwari and Barbash, 2012) . This argues against the expectation that the hybrid lethal activity of Lhr is solely the outcome of selection-driven substitutions in its protein coding sequence (CDS) specific to D. simulans. Moreover, our recent results argue that the divergent hybrid lethal activities of Lhr orthologs can be largely attributed to their asymmetric expression in the hybrid background (Maheshwari and Barbash, 2012) . The D. simulans Lhr allele is expressed two-fold higher than the melanogaster ortholog in the F1 hybrid.
But it is still an open question whether divergence of the CDS might also be contributing to the differential hybrid lethal effects of Lhr.
Lhr orthologs have ~50 fixed differences between D. melanogaster and D.
simulans scattered throughout a protein sequence of only ~330 residues. Additionally, Lhr from each of the sibling species D. simulans, D. mauritiana and D. sechellia has a 16 amino acid (aa) insertion relative to the D. melanogaster ortholog. The insertion is absent in outgroup species and is therefore identified as a derived state, specific to the common ancestor of the sibling species. This 16 aa insertion is also interesting because it may affect the structure of a predicted leucine zipper in the LHR protein, and had been proposed as a candidate for mediating functional differences between the D. melanogaster and D. simulans Lhr orthologs (Brideau et al., 2006) . However, the Lhr 2 allele also has a complex deletion in its C-terminus within a sequence of high conservation ( Figure S1 ). Furthermore, it was not tested if Lhr 2 is wild type in expression level, which is critical because Lhr 1 is strongly reduced in expression 5 (Brideau et al., 2006 A population survey revealed that the ancestral non-insertion form is segregating at a very low frequency in some D. simulans populations (Nolte et al., 2008) . Nolte et.
al. (2008) 
Materials and Methods
Drosophila stocks and culturing: All crosses were done at room temperature or at 18 ⁰C where explicitly stated. At least 2 replicates were done for each cross. Each interspecific cross was initiated with ~15-20 1-day-old D. melanogaster virgin females and ~30-40 3-4-day-old sibling-species males. Genetic markers, deficiencies, and balancer chromosomes are described on FlyBase (McQuilton et al., 2012) . The three overlapping PCR products were then used as templates for the fusion PCR using primers 691/664, cloned into the pCR-BluntII vector to create the plasmid p{sim-Lhr2}, and sequenced completely.
A triple-HA tag in-frame with the C-terminus of Lhr 2 CDS was synthesized using a two-piece fusion PCR strategy. Two overlapping PCR products were amplified using p{sim-Lhr2} as the template, with primer pairs 882/728 and 729/664. Fusion PCR was then performed using these products as the templates with primers 882/664, and the resulting product was TOPO cloned into the pCR-BluntII vector. This intermediate construct was digested with SacII and ApaI and the fragment released was subcloned into p{simLhr2}, generating p{sim-Lhr2-HA}. The full insert was sequenced completely and subcloned into the MCS of pCasper4\attB using NotI and KpnI restriction enzymes.
To synthesize the construct p{sim-Lhr2-HA + 16aa}, the 16 aa insertion was inserted into the Lhr 2 CDS using a two-piece fusion PCR strategy. The two overlapping PCR products were amplified using p{sim-Lhr2-HA} as the template, with primer pairs 691/945 and 946/664. These fragments were used as templates for the fusion PCR with primers 691/664, and the gel-purified product was TOPO cloned into the pCR-BluntII Transgenic fly lines: ɸC31-mediated transformants of D. melanogaster were performed by Genetic Services. The integration site used was M{3xP3-RFP.attP}ZH-86Fb at cytological position 86Fb (Bischof et al., 2007) . Site-specificity of integrations were tested using the PCR assays described in (Maheshwari and Barbash, 2012) . 
RT-PCR, immunofluorescence and yeast two-hybrid: RT-PCR and
immunofluorescence were performed as previously described (Maheshwari and Barbash, 2012) . Yeast two-hybrid assays were performed as in Brideau and Barbash (2011) .
Sequence and phylogenetic analyses:
We examined Lhr sequences from a recent large-scale resequencing of D. melanogaster populations and found all 158 strains contain the 16 aa deletion (Mackay et al., 2012) . We also searched the short read archive from this project, using as the query a 100 bp sequence from mel-Lhr flanking the site of the 16 aa indel. All 26 traces from 454 sequencing fully matched the query. In combination with our previous polymorphism sampling of mel-Lhr (Brideau et al., 2006) , we conclude that D. melanogaster is fixed for the deletion form of the 16 aa indel. The phylogenetic tree was built by MEGA 5.05 using the maximum parsimony method (Tamura et al., 2011) . The Lhr alleles used for the analysis are published in Brideau et. al. (2006) . For phylogenetic analysis the region corresponding to the Cterminal mutation in Lhr 2 was excluded from the alignment.
Results

D. simulans Lhr 2 is mutant in its coding sequence:
A cross between wild type D. melanogaster females and D. simulans males produces only sterile daughters and no sons. The genetic basis of male lethality appears to be fixed between the two species, as crosses between many different wild type strains fail to produce hybrid sons (Lachaise et al., 1986; Sturtevant, 1920) . The only two exceptions are strains with mutations in D. melanogaster Hmr or D. simulans Lhr (Hutter and Ashburner, 1987; Watanabe, 1979 ).
Although we and others implicitly assumed in previous analyses that rescue in the D. simulans Lhr 2 strain is due to its unusual Lhr allele, this point has not been established (Brideau et al., 2006; Nolte et al., 2008 Lower levels of rescue with Lhr 2 compared to Lhr 1 were also observed in a previous study (Barbash, 2010) .
Assaying the function of the two major structural mutations in Lhr 2 : To individually test the contribution of the complex C-terminal mutation and the 16aa deletion to hybrid lethal activity, each was individually replaced in sim-Lhr2-HA with wild type sequence to generate ɸ{sim-Lhr2-HA,+Cter} and ɸ{sim-Lhr2-HA,+16aa}, respectively (Figure 1) . Initial experiments suggested that the presence or absence of the C-terminal mutation has a much more significant impact on Lhr function compared to the 16 aa indel. We therefore compared them to different references in our genetic assays. For ɸ{sim-Lhr2-HA,+Cter}, where we reverted the C-terminal mutation to the wild type sequence, we compared its activity to the wild type ɸ{sim-Lhr-HA} control and found that it also fully suppresses rescue ( For ɸ{sim-Lhr2-HA,+16aa}, where we added the 16 aa insertion to the Lhr 2 allele, a comparison to the construct ɸ{sim-Lhr2-HA} tests whether the 16 aa deletion has any functional effect in the background of an allele that is partially impaired because it carries the C-terminal deletion. In our Lhr 1 complementation assay we detected a significant difference in viability between the two genotypes of hybrid males (Table 1, cross 2 vs. 4, two-tailed FET, P = 0.000). The relative viability of hybrid sons inheriting ɸ{sim-Lhr2-HA,+16aa} was reduced to ~16% compared to ~35-41% for ɸ{sim-Lhr2-HA}. (Hutter and Ashburner, 1987) .
The crosses were also done at both room temperature and 18°C because hybrid viability is temperature-dependent, with viability increasing at lower temperatures (Hutter and Ashburner, 1987 (Table 2 , cross 2 vs 4, two-tailed FET, P = 1.0 at both room temperature and 18°C). These results demonstrate that the C-terminal region is critical for the strong loss-of-function/antimorphic activity of Lhr 2 in this assay.
We then compared the ɸ{sim-Lhr2-HA} allele to ɸ{sim-Lhr2-HA,+16aa}, which differ only by the presence or absence of the 16 aa indel. We found that although hybrid sons inheriting ɸ{sim-Lhr2-HA,+16aa} have viabilities comparable to the control class, the relative viabilities of hybrid sons inheriting this transgene are less than that for the ɸ{sim-Lhr2-HA} transgene. This reduction in viability is significant at 18°C (Table 2, cross 3 vs. 5, two-tailed FET, P = 0.022). These results again show that the 16aa indel does have a detectable effect on Lhr function in the background of the C-terminal mutation.
The molecular properties of the LHR 2 protein: We next asked whether the LHR 2 mutant protein is altered for molecular functions of LHR. LHR localizes to specific regions of heterochromatin through interaction with Heterochromatin Protein1 (HP1) (Brideau and Barbash, 2011; Brideau et al., 2006; Greil et al., 2007) . We therefore asked whether the reduced hybrid lethal activity of Lhr 2 was reflecting a defect in heterochromatin association. We performed yeast two-hybrid assays and found that the interaction between LHR 2 and HP1 was indistinguishable from the wild type control ( Figure 3A) . Consistent with this result, LHR 2 -HA localized to heterochromatin in vivo and immuno-FISH experiments showed co-localization with the dodeca satellite in a manner indistinguishable from wild type LHR (Maheshwari and Barbash, 2012) , providing further support for wild type association with heterochromatin ( Figure 3B ). We conclude that the reduced hybrid lethal activity of Lhr 2 is not because localization to heterochromatin is defective.
Discussion
The C-terminal mutation in Lhr 2 identifies a region critical for Lhr function:
In this study we demonstrate conclusively that Lhr 2 is a mutant allele of the Lhr hybrid lethality gene and further show that its mutant properties are due to changes in its CDS. (Table 2) .
We therefore devised modified Lhr 2 alleles to individually assay specific regions for effects on hybrid lethal activity (Figure 1) . We find that a highly conserved stretch of 10 residues in the C-terminus of Lhr is critical for wild type levels of hybrid lethal activity in both genetic assays. This conclusion is consistent with the observations of Nolte et al.
(2008) who found wild type hybrid lethal activity for two D. simulans Lhr alleles that have the deletion state for the 16 aa indel but are wild type for the C-terminal mutation.
Because this region is highly similar between mel-Lhr and sim-Lhr, this result also supports published results that Lhr orthologs from both species can cause incompatibility (Brideau and Barbash, 2011; Maheshwari and Barbash, 2012) . Our data here suggest that the C-terminal region is especially critical for interactions with Hmr because ɸ{sim-Lhr2-HA} has no wild type activity for complementing Hmr 1 (Table 2, cross 3), but whether this reflects a direct physical interaction remains unknown. The Lhr 1 complementation assay is perhaps more straightforward to interpret since one is asking whether different Lhr alleles complement a loss-of-function allele of Lhr. Since only half of the hybrid sons inheriting the ɸ{sim-Lhr2-HA} transgene are viable (Table 1 cross 2), it is clear that the C-terminal deletion does not fully account for the hybrid lethal activity of wild type Lhr. Therefore additional regions of the LHR protein must also contribute to its incompatibility properties.
An effect of the 16aa indel polymorphism on hybrid lethal activity was excluded by Nolte et al. (2008) using a population survey. They tested two D. simulans lines that retain the ancestral state of lacking the 16aa insertion, but neither of them rescued hybrid sons. However, in the transgenic assay we find a significant difference in hybrid lethal activity of the Lhr 2 allele with and without the insertion (Table 1 cross 2 vs. cross 4). We also detected a significant difference in the Hmr 1 interaction assay (Table 2, cross 3 vs. cross 5). The lack of any phenotypic effects observed by Nolte et al. (2008) is most likely because the effect of the 16aa indel is revealed only in a sensitized background. In this transgenic assay the C-terminal mutation in Lhr 2 lowers the lethal activity of Lhr, providing us with the sensitivity to assess the contribution of the 16aa deletion.
Differential hybrid lethal activity of Lhr orthologs: coding or regulatory? Lhr has strongly asymmetric effects on hybrid viability, as mutations in sim-Lhr but not melLhr produce viable hybrids (Brideau et al. 2006 ). This finding led to the hypothesis that the hybrid lethal activity of Lhr is due to coding sequence divergence that is specific to the D. simulans lineage. Surprisingly, we subsequently found that hybrid lethal activity is an ancestral property shared by the coding sequences of both Lhr orthologs (Brideau and Barbash, 2011; Maheshwari and Barbash, 2012) . The different hybrid rescue effects of Lhr orthologs instead appear to be largely the consequence of divergent gene regulation that causes sim-Lhr to be expressed more highly in hybrids than mel-Lhr (Maheshwari and Barbash, 2012) . Our results here are consistent with these findings.
First, we have identified the site of the C-terminal mutation in Lhr 2 as critical for HI.
Since this region is nearly identical between D. melanogaster and the sibling species, it was likely present in the ancestral Lhr allele. Second, our previous transgenic comparisons of mel-Lhr and sim-Lhr alleles did not exclude the possibility that coding sequence divergence may make some contribution to functional divergence. Our finding here that the 16aa indel has a functional effect, but is only detectable on the background of the C terminal deletion, is indicative that coding sequence divergence makes a small contribution to differences in the hybrid lethal activity of Lhr. Interestingly though, since this difference between mel-Lhr and sim-Lhr is an indel it does not contribute to the signature of adaptive evolution discovered for Lhr (Brideau et al. 2006) .
Rigorous identification of incompatible substitutions has only been attempted for yeast interstrain and interspecific HI genes. Single amino-acid changes have been identified in each of two interacting genes that cause a defect in mismatch repair (Heck et al., 2006) . In the case of AEP2, a translation factor that causes mito-nuclear incompatibility between S. cerevisiae and S. bayanus, it was narrowed down to multiple mutations within a region of 148 aa's. In the case of MRS1, a splicing factor that also causes mito-nuclear incompatibility between the same two yeast species it was pared down to only 3 non-synonymous substitutions (Chou et al., 2010; Lee et al., 2008) .
There is no evidence of selection acting on either of these latter two HI genes and both have experienced relatively limited sequence divergence. There are at least 6 HI genes known that are rapidly diverging under selection (Maheshwari and Barbash, 2011; Presgraves, 2010) . Although it is implicitly assumed that this divergence is the basis of HI, this hypothesis remains largely unexamined.
Functional effects of indels and polymorphisms. While indels are a common type of sequence variation, they are rarely considered in evolutionary studies. The reason for this is that their origins and functional consequences are poorly understood.
Analysis of indels within protein sequences supports the view that they affect proteinfolding, and computational analysis of high-throughput protein interaction data sets suggests that indels modify protein interaction interfaces, thereby significantly rewiring the interaction networks (Hormozdiari et al., 2009; Zhang et al., 2011) . Moreover, studies comparing patterns of evolution of Catsper1, a sperm-specific calcium channel, found evidence of positive selection for elevated rates of indel substitutions within its intracellular domain across multiple primate and rodent species (Podlaha and Zhang, 2003; Podlaha et al., 2005) . The authors suggest that the selection for indels might be a consequence of their effect on the regulation of the Catsper1 channel, which can affect sperm motility, an important determinant in sperm competition.
Large structural polymorphisms are not unique to Lhr; other HI genes such as
Hmr and Prdm9 have multiple in-frame indels, as does the segregation distorter RanGAP (Maheshwari et al., 2008; Oliver et al., 2009; Presgraves, 2007) . So far the primary focus of evolutionary analysis has been single amino-acid substitutions, and 19 indel variation has been largely ignored in the assessment of functional divergence.
Recent high throughput analyses on human tissues has catalogued the occurrence of coding indels in hundreds of conserved and essential genes as well as in protein isoforms via alternative splicing, thus highlighting indels as an abundant source of structural variation (Mills et al., 2011; Wang et al., 2008 
